hypertension 7 , and Alzheimer s disease 10 . Recent studies have reported the effects of dietary fish oil and DHA on gut microbiota and its metabolites 11 13 . A previous study has reported that compared to a diet rich in lard, a diet rich in fish oil improved gut microbiota composition and mitigated metabolic inflammation through Toll-like receptor signaling 11 . In addition, a fish oil diet induced gut inflammation compared to soybean oil and lard diets in elderly rats 12 .
Another study has reported that triacylglycerol TAG containing sn-2 palmitic acid in combination with DHA or arachidonic acid significantly increased fecal short-chain fatty acid SCFA content in rats 13 . Interest in the different physiological roles of EPA and DHA has been increasing as well 14, 15 . For example, DHA has greater influence on membrane fluidity and the activity of membrane proteins and ion channels compared with EPA 16 . In addition, EPA and DHA are sources of bioactive metabolites with different properties, such as eicosanoids, lipoxygenase metabolites, and docosanoids 17 . Although EPA and DHA have different physiological functions, many studies have researched the effect of fish oil on physiology regardless of the compositions of EPA and DHA. The shares of EPA and DHA in fish oils depend on the species of fish that the oil is from. For example, menhaden and sardine oils contain more EPA than DHA, whereas in tuna, which is a migratory fish, the oil contains more DHA than EPA. However, to our knowledge, it remains unclear how gut microbiota and its metabolites in rats respond to different types of fat in their diet, including fish oils with different EPA and DHA compositions. Therefore, the aim of this study was to investigate the effects of different dietary fat sources soybean oil, lard, menhaden oil, and tuna oil on liver mRNA expression levels of genes related to cholesterol and bile acid BA metabolism, as well as cecal microbiota composition and bacterial metabolites in male Wistar rats.
Experimental 2.1 Materials
Soybean oil and menhaden oil EPA rich oils were obtained from Merck KGaA Darmstadt, Germany . Lard was purchased from Junsei Chemical Co., Ltd. Tokyo, Japan . Tuna Thunnus orientalis oil rich in DHA was provided by Yashima Shoji Co., Ltd Shizuoka, Japan . The components of the experimental diet were purchased from Oriental Yeast Co. Ltd. Tokyo, Japan and Fujifilm Wako Pure Chemical Co. Osaka, Japan . All other chemicals of reagent grade were obtained from Merck KGaA and Nacalai Tesque, Inc. Kyoto, Japan .
Diet preparation and animal care
All diets were prepared based on a modified AIN-93G composition 18 containing 15 w/w of either soybean oil, lard, menhaden oil, or tuna oil. Detailed diet compositions are shown in Table 1 . FA compositions of the experimental fats soybean oil, lard, menhaden oil, and tuna oil were determined using a gas chromatography GC system GC-2014; SHIMADZU CO., Kyoto, Japan with Omegawax ® capillary GC column 30 m 0.25 mm i.d. 0.25 μm d.f., Merck KGaA after the methylation of FA with boron-trifluoride-methanol as described by Fukunaga et al. 19 . Table 2 shows FA composition of soybean oil, lard, menhaden oil, and tuna oil.
The experimental protocol followed the Guide for the Care and Use of Experimental Animals issued by the Prime Minister s Office of Japan, and it has been reviewed and approved by the Animal Ethics Committee of Kansai University Approval No. 1611 . Four-week-old male Wistar/ST rats obtained from Japan SLC, Inc. Shizuoka, Japan were housed alone in plastic cages under an air-conditioned room temperature: 21-23 ; humidity: 50-70 ; illumination 08:00-20:00 , with free access to tap water and prepared diet. Rats were allowed to acclimate for 7 days on a diet prepared according to the AIN-93G formula 18 . Then, twenty four rats were divided into four dietary groups with similar mean body weight BW : soybean oil diet SO group, lard diet LA group, menhaden oil diet MO group, and tuna oil diet TO group. Food consumption, water intake, and BW were recorded daily. After 30 days, the rats, which were not fasted, were weighed and euthanized using isoflurane Intervet K.K., Osaka, Japan between 09:00 and 11:00. Blood was collected from the inferior vena cava without the use of anti-coagulants, and serum was obtained using centrifugation 2,000 g for 15 min. Rat liver, small intestine jejunum and ileum , cecum, and abdominal white adipose tissue WAT from the epididymis, mesentery, perinephria, and retroperitoneum were quickly removed, weighed, rinsed with cold saline, and frozen in liquid nitrogen, followed by storage at 80 until later analyses. Aliquots of liver and jejunum and ileum mucosae were stored in RNA-Later Storage Solution Merck KGaA for quantitative real-time PCR.
Analysis of lipid parameters in serum and liver
Serum lipid contents, including TAG, phospholipids PL , total-cholesterol, high-density lipoprotein HDL cholesterol, and non-HDL cholesterol, were measured using an Olympus AU5431 automatic analyzer Olympus Co., Tokyo, Japan by a commercial service Japan Medical Laboratory, Osaka, Japan . Total BA content in serum was determined using a Total Bile Acid Test Kit Fujifilm Wako Pure Chemical Co. . Total lipids in the liver were extracted using the chloroform/methanol/water extraction method as described in Bligh and Dyer. 20 . The total lipids in the liver were dissolved in 2-propanol, and TAG and cholesterol contents were determined using Triglyceride-E-Test and Cholesterol E-test Fujifilm Wako Pure Chemical Co. . PL content in the liver was measured using phosphorus analyses as described in Rouser et al. 21 . FA compositions of total lipids in liver were evaluated using Omegawax ® capillary GC column Merck KGaA after methylation with boron trifluoridemethanol on a GC system SHIMADZU CO. as described above.
Analysis of bile acid and neutral sterol content in fe-
ces The contents of fecal BA were measured using GC-mass spectrometry GCMS as described in Minamida et al. 22 , with some modifications. The sterols in feces were extracted twice using ethanol containing 1 M NaOH and an internal standard 23-nordeoxycholic acid, NDCA at 80 for 1 h. Neutral sterols were removed using hexane, and the BA was separated from the solutions using Bond Elut ® C18 cartridge Agilent Technologies, California, USA . The obtained BA were redissolved in methanol and methylated with a trimethylsilyldiazomethane solution in hexane Tokyo Chemical Industry Co., Ltd., Tokyo, Japan , followed by acetylation with acetic anhydride. The derivatives of BA were separated by GCMS GCMS-QP2010; Shimadzu Co. using a SPB-1 column 30 m 0.25 mm i.d. 0.25 μm d.f., Merck KGaA . The injection volume was 1 μL, the carrier gas was helium with a flow of 1 mL/min, and the injection mode was split. The oven temperature program was set to 240 , after which the temperature was set to increase by 2 /min until reaching 270 , at which it stayed for 35 min. The identification of each BA component was carried out using a BA standard. The contents of individual BA in feces were quantified by a correction factor obtained using NDCA as an internal standard.
The contents of fecal neutral sterols, including coprostanol and cholesterol, were determined by GC GC-2014, Shimadzu Co. using a fused silica capillary DB-5 column 30 m 0.25 mm i.d. 0.25 μm d.f., Agilent Technologies , and 5α-cholestane as an internal standard as described in Kaneda et al. 23 .
Analysis of short-chain fatty acids in cecal contents
SCFA composition in cecal contents was analyzed using GC as described in Duan et al. 24 , with some modifications. Distilled water was added to cecal content and vortexed thoroughly. An internal standard 2-ethylbutyric acid , HCl, and diethyl ether were subsequently added to each sample and vortexed. The solution was centrifuged 10 min, 16,000 rpm, 4 and the supernatant containing dissolved SCFA was collected. The supernatant was passed through a nylon filter 0.45 μm into clean vials. SCFA were analyzed using GC with a flame ionization detector GC2014, Shimadzu Co. equipped with a Nukol TM Capillary GC Column 30 m 0.25 mm i.d. 0.25 μm d.f., Merck KGaA . The injection volume was 1 μL, the carrier gas was helium at a flow of 1 mL/min, and the injection mode was split. The oven temperature program was set to 40 after which the temperature was set to increase by 20 /min until reaching 180 , at which it stayed for 15 min. Each SCFA component was identified using a mixture of SCFA Volatile Free Acid Mix certified reference material, Merck KGaA .
Real-time quantitative RT-PCR
To obtain tissue homogenates, the liver and intestinal mucosa jejunum and ileum were homogenized with a bead beater-type homogenizer MicroSmash MS-100R, TOMY SEIKO CO., LTD., Tokyo, Japan . The total RNA was isolated and purified using the TRIzol ® reagent Thermo Fisher Scientific, Massachusetts, USA according to the manufacturer s protocol. The content and purity of total RNA were measured at wavelengths of 260 and 280 nm by UV spectroscopy UV-1800, SHIMADZU CO. using Hellma ® TrayCell TM Hellma Analytics, Müllheim, Germany . Afterwards, cDNA was synthesized using the GoScript TM Reverse Transcription System Promega Co., Wisconsin, USA . The mRNA expression levels were measured by Thermal Cycler Dice ® Real Time System Takara Bio Inc., Shiga, Japan using GoTaq ® qPCR Master Mix Promega Co. . All primers were designed using Primer3Plus http://primer3plus. com/ . Primer sequences and abbreviations are listed in Table 3 . Gene expression levels were standardized to the glyceraldehyde-3-phosphate dehydrogenase Gapdh expression level and expressed as the fold-change in gene expression relative to the SO group.
16S rRNA amplicon sequence and bioinformatics
16S rRNA amplicon sequence analysis was performed using a next-generation sequencing system Ion PGM TM , Thermo Fisher Scientific . The total DNA in each cecal sample was extracted using a QIAamp PowerFecal DNA Kit Qiagen, Hilden, Germany . To identify bacteria from the extracted cecal DNA, V2-4-8 and V3-6, 7-9 hypervariable regions of the 16S rRNA gene were amplified by PCR using the Ion 16S Metagenomics Kit Thermo Fisher Scientific . PCR protocol for construction of all sequencing libraries consisted of one initial cycle at 95 for 10 min, followed by 25 cycles of 95 for 30 s, 58 for 30 s, and 72 for 20 s, and a final incubation at 72 for 7 min. The PCR products were purified using AMPure XP beads Beckman Table 3 Primer sets used for real-time quantitative PCR.
Gene name 5' →3' primer sequence Gene title

Abca1
Forward CCCGGCGGAGTAGAAAGG ATP binding cassette subfamily A member 1 Reverse AGGGCGATGCAAACAAAGAC
Abcb11
Forward TTGGCCATGCATCTTCTTGC ATP binding cassette subfamily B member 11 Reverse TGCAGTCAATGACAGGTTGC
Abcg1
Forward TACAAAATCCGGGCTGAGAG ATP binding cassette subfamily G member 1 Reverse TTGGGTTGGGAGAGTCTTTG
Abcg5
Forward ATGGCCTGTACCAGAAGTGG ATP binding cassette subfamily G member 5 Reverse GGATACAAGCCCAGAGTCCA
Abcg8
Forward TTCTGCTGCAACGCTCTCTA ATP binding cassette subfamily G member 8 Reverse GGAGGAACGACATCTTGGAA
Acat1
Forward AAGTACGCCATCGGCTCTTA acetyl-CoA acetyltransferase 1 Reverse TCACCACCACGTCTGGTTTA
Cyp7a1
Forward CCCAGACCCTTTGACTTTCA cytochrome P450 family 7 subfamily A member 1 Reverse GATCCGAAGGGCATGTAGAA
Cyp7b1
Forward ACCACAGTCGCATGTTTCTG cytochrome P450 family 7 subfamily B member 1 Reverse AGCAAATCACAGAGCTCAGC
Cyp8b1
Forward AGGCCAGTACTTCACCTTTGTC cytochrome P450 family 8 subfamily B member 1 Reverse ATCCATGGACTGGTACCCAAAC
Cyp27a1
Forward ACCTTTCCTGAGCTGATCTTGG cytochrome P450 family 27 subfamily A member 1 Reverse TACCACACCAGTCACTTCCTTG
Fxr
Forward AGAGATGGGAATGTTGGCTG nuclear receptor subfamily 1 group H member 4 Reverse TTCGCTGTCCTCATTCACTG
Gapdh
Forward ATGACTCTACCCACGGCAAG glyceraldehyde-3-phosphate dehydrogenase Reverse TACTCAGCACCAGCATCACC
Hmgcr
Forward AAACCCAGTAACCCAAAGGG 3-hydroxy-3-methylglutaryl-CoA reductase Reverse AAGGATCAGCTATCCAGCGA
Ldlr
Forward ACCGCCATGAGGTACGTAAG low density lipoprotein receptor Reverse CGGCGCTGTAGATCTTTCTC
Lxra
Forward TACAACCGGGAAGACTTTGC nuclear receptor subfamily 1 group H member 3 Reverse TGCAGAGAAGATGCTGATGG
Npc1l1
Forward AAGAAGGCCTCTTACTCCGC niemann-Pick C1 like intracellular cholesterol transporter 1 Reverse GTCTAGCCCCACGTTGATGT
Nr0b2
Forward CCTTGGATGTCCTAGGCAAG nuclear receptor subfamily 0 group B member 2 Reverse CAACCCAAGCAGGAAGAGAG
Scarb1
Forward GTTCGTTGGGATGAACGACT scavenger receptor class B member 1 Reverse ATGCCAATAGTTGACCTCGC
Slc10a2
Forward GTTTTCCAGCTCGTCTTTGC solute carrier family 10 member 2 Reverse CCCTTGTTTGTCTCCTGGAA
Srebf2
Forward CACCTGTGGAGCAGTCTCAA sterol regulatory element binding transcription factor 2 Reverse TGCCAGAGTGTTGTCCTCAG Coulter, California, USA . Adapter sequences, which are required for analysis in the Ion PGM system, and barcode sequences for individual identification were bound to both ends of the PCR products using Ion Plus Fragment Library kit Thermo Fisher Scientific and Ion Xpress Barcode Adaptors 1-16 kit Thermo Fisher Scientific . DNA library was additionally purified using AMpure XP beads, and the concentration of each DNA library was determined by bioanalyzer Agilent 2100: Agilent Technologies and Agilent High Sensitivity DNA kit Agilent Technologies . Each quantified DNA library was diluted to a final concentration of 10 pM. Equal volumes of each dilution were used for template preparation and enrichment on One-Touch 2 and One-Touch ES systems Life Technologies , respectively. Finally, next-generation sequencing of the prepared 16S rRNA gene fragments libraries was performed on an Ion PGM System using Ion PGM TM Hi-Q TM View Sequencing Kit and Ion 318v2 chips Thermo Fisher Scientific , following the manufacturer s instructions.
The obtained sequence data were analyzed using Ion Reporter Software 16S Metagenomics Workflow ver. 5.6 Thermo Fisher Scientific automatically accessible to Mi-croSEQ 16S Reference Library v2013.1 Thermo Fisher Scientific and Greengenes v13.5 The Greengenes Database Consortium, http://greengenes.secondgenome.com/ . Bacteria and their sequence numbers identified at the phylum and genus level for each sample were obtained from Ion Reporter Software. The obtained sequence numbers were used to determine the relative abundance of bacteria from each taxonomic class. The community richness and community diversity indices were calculated using QIIME version 1.8.0 . Linear discriminant analysis effect size method LEfSe, http://huttenhower.sph.harvard. edu/galaxy/ was performed to discover high-dimensional biomarkers and to characterize the differences among the experimental groups 25 . The LEfSe method conditions were as follows: 1 alpha value for the factorial Kruskal-Wallis test among classes was less than 0.05, 2 alpha value for the pairwise Wilcoxon test among subclasses was less than 0.05, 3 the threshold on the logarithmic LDA score for discriminative features was less than 2.0, and 4 multiclass analysis was set to all-against-all.
Statistical analysis
Data showed the mean values and standard errors of the mean SEM . The differences between multiple groups were evaluated using analysis of variance ANOVA and Tukey s multiple comparison test. The relationship between the relative abundance of bacteria and fecal BA excretion was analyzed using the Pearson s correlation coefficient test. Statistical significance was set at p 0.05. The analyses were performed using GraphPad Prism7 software GraphPad Software, California, USA . Table 4 shows growth parameters, organ weights, and lipid contents in the serum and liver. There were no significant differences in growth parameters, including initial BW, final BW, BW gain, food intake, food efficiency, and water intake, among the groups.
Results
Growth parameters, organ weights, and lipid contents in serum and liver
Relative liver weight in the TO group was significantly higher than that in the SO, LA, and MO groups. In addition, relative epididymal WAT weight in the TO group was significantly lower than that in the SO and LA groups. Relative mesentery, perirenal, and retroperitoneal WAT weights showed no significant differences among the groups.
Serum TAG content in the LA group was significantly higher than that in the SO, MO, and TO groups. In rats fed the MO and TO diets, we found significantly lower contents of PL, total-cholesterol, HDL-cholesterol, non-HDL-cholesterol, and TAG in serum and liver compared to rats fed the SO and LA diets. Liver cholesterol content in the SO group was significantly higher than that in the LA, MO, and TO groups. No significant differences were observed in serum total BA content among the groups.
Fatty acid composition and relative mRNA expression
levels in liver Figure 1A shows FA composition in liver total lipids. Rats fed the MO and TO diets had increased the compositions of stearic acid, EPA, and DHA compared with rats fed the SO and LA diets. Linoleic acid composition in the SO group was significantly higher than that in the LA, MO, and TO groups. Oleic acid composition in the LA group was significantly higher than that in the SO, MO, and TO groups. Palmitoleic acid composition in the MO group was significantly higher than that in the SO, LA, and TO groups. Figures 1B and 1C show the relative mRNA expression level of genes related to cholesterol and BA metabolism in the liver, respectively. The LA diet significantly decreased liver Abcg5 and Abcg8 expression levels compared with the SO, MO, and TO diets. Rats fed the MO and TO diets had significantly higher Acat1 expression level compared to the SO and LA diets. Hmgcr expression level in the MO group was significantly lower compared with the TO group. Ldlr expression level was significantly lower in the MO group than in the LA group. There were no significant differences in Abca1 and Scarb1 expression levels of cholesterol metabolism, and Abcb11, Cyp7a1, Cyp7b1, Cyp8b1, and Cyp27a1 expression levels of BA metabolism among the groups. Figure 1D shows the relative mRNA expression level of nuclear receptor-and transcriptional factor-related genes in the liver. Srebf2 expression level in the TO group was higher than that in the SO and MO groups. There were no significant differences in Fxr, Lxra, and Nr0b2 expression levels among the groups. Figure 2 shows the relative mRNA expression levels of sterol transporter genes in mucosae of jejunum and ileum. Abcg5 and Abcg8 expression levels in jejunum mucosa were significantly lower in the MO and TO groups compared to the SO group. No significant differences were observed in the expression levels of Npc1l1 in jejunum mucosa and Slc10a2 in ileum mucosa among the groups. Figures 3A and 3B show BA composition in feces. Fecal α-muricholic acid αMCA content in the TO group was significantly lower than that in the LA group. The MO and TO groups had significantly lower fecal hyodeoxycholic acid HDCA content than the SO group. There were no signifi-cant differences in the contents of cholic acid CA , chenodeoxycholic acid CDCA , β-Muricholic acid βMCA , deoxycholic acid DCA , lithocholic acid LCA , and ursocholic acid in feces among the groups. Fecal ω-muricholic acid ωMCA content in the MO group was significantly higher than that in the SO group. Figure 3C shows neutral sterol composition in feces. Rats fed the TO diet had significantly higher fecal coprostanol and cholesterol contents than the rats fed the LA diet. Fecal cholesterol content in the MO group was significantly higher than that in the SO and LA group. Figure 3D shows the contents of total BA, neutral sterol, and sterols in feces. The MO diet increased fecal total BA and sterols contents compared with the SO diet. Fecal total neutral sterol content in the LA group was significantly lower than that in the TO group.
Relative mRNA expression levels in the intestinal mucosa
Fecal bile acid, neutral sterol and cecal short-chain fatty acid composition
No significant differences were observed in SCFA com- positions, including acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid in cecal contents among the groups data not shown .
Relative abundance of cecal microbiota
In 16S rRNA amplicon sequence analysis, we obtained 321631 24579 total reads and 235401 17931 valid reads, representing a 34.3 0.8 genus/rat. Alpha-diversity analysis indicated no difference in the chao 1 estimator Fig. 4A . The data are shown as mean value SEM n 6 . The mRNA expression levels were determined using the Gapdh expression level for normalization. The mRNA expression levels of genes are shown relative to those determined from the livers of rats fed the soybean oil group set at 1 . Different letters indicate significant difference at p 0.05 using Tukey s multiple comparison test. Abbreviations used in the Figure are as follows: C16:0, palmitic acid; C16:1, palmitoleic acid; C18:0, stearic acid; C18:1 n-9, oleic acid; C18:1 n-7, vaccenic acid; C18:2 n-6, linoleic acid; C18:3 n-3, alpha-linolenic acid; C20:4 n-6, arachidonic acid; C20:5 n-3, eicosapentaenoic acid; C22:6 n-3, docosahexaenoic acid; LA, lard; MO, menhaden oil; SO, soybean oil; TO, tuna oil. The abbreviation names of genes are shown in Table 3 .
highest for the MO group 3.8 1.2, 2.8 1.6, 16.4 8.2, and 8.0 4.9 for the SO, LA, MO, and TO group, respectively . The relative abundance of Bilophila genus was higher in the LA group than in the MO group. The relative abundance of Clostridium genus in the MO group was significantly higher than that in the TO group.
LefSe analysis was performed to identify phylotypes sensitive to fat diets. 30 phylotypes were identified as high dimensional biomarkers in cecal content Fig. 4F . The following phylotypes were more abundant in the MO group than in the other experimental groups: Clostridium, Turicibacter, Lactococcus, Anaerotruncus, Desulfovibrio, Adlercreutzia, Holdemania, and Escherichia/Shigella. In addition, the following phylotypes were more abundant in the LA group than in the other experimental groups: Bilophila, Pseudoflavonifractor, and Parasutterella. We did not observe any microbial biomarkers in the cecal content that would distinguish the TO group from the other groups.
Discussion
Since the four rats diets contained soybean oil, lard, menhaden oil, and tuna oil as the only fat sources, the FA composition of liver total lipids reflected the FA composition of the diets Table 2 and Fig. 1A . In an essential FA Table 3 . deficiency state, mead acid C20:3 n-9 is endogenously synthesized from oleic acid and is used as a diagnostic indicator of essential FA deficiency 26, 27 . Mead acid in liver total lipids was not detected in all groups, suggesting that the essential FA deficiency did not develop under these experimental conditions. The TO diet increased the relative liver weight compared with other groups Table 4 . Previous studies have reported that fish oil diet EPA rich oil with a DHA/EPA ratio of 0.63 decreased relative liver weight compared with lard diet in rats 28 . In addition, in the MO group, the relative liver weight was not significantly different compared with the SO and LA groups. The reason for the increased relative liver weight in the TO group is not known. One study has reported that the intake of fish oils EPA or DHA rich oils with DHA/EPA ratios of 0.43 and 3.13, respectively decreased abdominal WAT weights com- pared with the intake of lard in male mice 29 . In the present study, the relative epididymal WAT weights in the TO group were lower compared with other groups, whereas in the MO group the relative weights did not change compared with the SO and LA groups. This may be due to the fact that the TO group diet contained less SFA and more unsaturated FA than the MO group diet Table 2 .
The hypotriglyceridemic effect of EPA and DHA has been recognized in humans as well as in rodents 30, 31 . The MO and TO diets significantly reduced TAG contents in serum and liver compared to the LA diet. On the other hand, cholesterol contents, including total cholesterol, HDL cholesterol, and non-HDL cholesterol in serum, as well as liver cholesterol, were significantly reduced in the MO and TO groups compared with the SO group. Suzuki-Kemuriyama et al. have reported that EPA and DHA cause a hypocholesterolemic effect by reducing hepatic cholesterol synthesis through a decrease in HMGCR and SREBP-2 expression in high-fat diet-induced non-alcoholic fatty liver disease in mice 32 . The MO diet decreased Ldlr expression and cholesterol uptake into cells, and tended to significantly decrease the expression of Hmgcr, the key enzyme required for cholesterol synthesis p 0.09 , compared with the LA diet. The low content of serum and liver cholesterol in the MO group might therefore be in part attributable to a higher level of suppression of Ldlr and Hmgcr expression compared to the LA group. However, a decrease in serum and liver cholesterol contents were observed in the TO group, though the liver Hmgcr expression level in the TO group was higher than that in the MO group. Hmgcr expression was mainly regulated by the transcriptional factor Srebf2 33 . Liver Srebf2 expression level in the TO group was increased compared with that in the MO group. The TO diet drastically decreased the cholesterol content in liver compared with the SO and LA diets. It is wellknown that the decrease in liver cholesterol content increases liver Srebf2 expression, and consequently increases the expression of cholesterol synthesis-related genes 33 . The increase in the expression of liver Acat1 in the TO group, which is related to the esterification of cholesterol, was also observed. Therefore, a noticeable reduction in liver cholesterol content in rats fed the TO diet is considered to a compensatory induce the cholesterol synthesisrelated genes in partly through the enhancement of Srebf2 pathway. On the other hand, the SO diet increased the liver cholesterol content compared with the LA, MO, and TO diets Table 4 . Previous studies have reported that the enhanced liver cholesterol accumulation of soybean oil-fed mice by a decreased liver Abcg5 and Cyp27a1 expression levels compared with lard-fed mice 34, 35 . In the present study, the SO group did not decrease liver Abcg5 and Cyp27a1 expression levels compared with the LA group. As in the previous studies, the increased of liver cholesterol content due to the intake of soybean oil was observed, but the detailed mechanism could not be clarified in this study.
Cholesterol transport from the liver to bile is also an important determinant of cholesterol balance. In the liver, the heterodimers Abcg5 and Abcg8 play major roles in the transportation of cholesterol into bile 36 . The LA diet drastically decreased liver Abcg5 and Abcg8 expression levels compared with other diets Fig. 1B . Previous studies have reported that Abcg5and Abcg8-deficient transgenic mice had significantly reduced biliary cholesterol secretion, and two genes-overexpressing mice had increased rates of fecal neutral sterol excretions 36, 37 . The LA diet decreased the total fecal neutral sterols excretion compared with the MO and TO diets Fig. 3D . Therefore, the reduction in total fecal neutral sterol in the LA diet is considered to partly result from the suppression of liver Abcg5 and Abcg8 expression. In contrast to that in the liver, no decrease in Abcg5 and Abcg8 expression was observed in the LA group in the jejunum mucosa Fig. 2 . However, the MO and TO diets decreased the expression levels of Abcg5 and Abcg8 in the jejunum mucosa compared with the SO diet. Yang et al. have reported that the micellar solution with EPA and DHA enhanced the expression levels of Abcg5 and Abcg8 compared with a micellar solution without FA in Caco-2 cell monolayer 38 . Abcg5 and Abcg8 expression levels in rats fed the MO and TO diets in our study were different from those in the Yang et al. study 38 . This may be affected by FA rather than EPA and DHA levels in the MO and TO diets.
Several studies have demonstrated the effect of fish oil on BA synthesis in humans and animals 39 41 . One study has reported that dietary fish oil increased BA pool size and the expression of a key enzyme in the synthesis of BA from cholesterol called Cyp7a1 in liver of rats 19, 41 43 . However, in rats fed diets containing EPA and DHA, Cyp7a1 expression level in liver did not change Fig. 1C . Jonkers et al. have reported that the intake of fish oil in mice increased the expression of liver Cyp8b1, a key enzyme in the synthesis of CA, and Cyp27a1, a key enzyme in the hydroxylation of the cholesterol side chain, compared with the intake of soybean oil 39 . In the present study, there was no significant difference between Cyp7b1, Cyp8b1, and Cyp27a1 expression levels related to the conversion of primary BA CA, CDCA, αMCA, and βMCA in liver Fig. 1C . Although there were no changes in liver BA biosynthesis or BA excretion transporter gene Abcb11 expression, total fecal BA excretion was increased in the MO group compared with the SO group. The level of expression of Slc10a2, an ileal BA transporter, in ileal mucosa did not differ among the groups Fig. 2 . Ileal BA transporter is known to absorb more conjugated BA than deconjugated BA 44 . In addition, bile-salt hydrolase BSH activity involved in the removal of the N-acyl amidation glycine or taurine of BA is related to fecal BA excretion 45 . Therefore, the increase in fecal BA excretion in rats fed the MO diet is considered to be related to the content of deconjugated BA produced by BSH. BSH activity is widespread in commensal bacteria inhabiting both the small and the large intestine 46 . The distribution of BSH in Gram-positive gut bacteria has been recorded in members of Clostridium, Enterococcus, Bifidobacterium, and Lactobacillus, while in Gram-negative bacteria, it has been recorded only in members of the genus Bacteroides 46 . Among the high relative abundance of cecal microbiota, the MO diet tended to increase the relative abundance of Clostridium and decrease the relative abundance of Bacteroides compared with the SO, LA, and TO diets Fig.  4E . From the results of this experiment, it was difficult to estimate the cecal BSH activity of the MO group. In order to determine the reason for the increased total fecal BA excretion in the MO group, it was necessary to confirm the fecal deconjugated BA content and BSH activity. Moreover, 7α-dehydroxylase, an enzyme involved in secondary BA biosynthesis, has been found only in Clostridium and Eubacterium genera 47 . The relative abundance of Eubacterium was less than 0.1 in all groups data not shown . The MO group showed a tendency toward an increase in the relative abundance of Clostridium, but this diet had no significant effects on the fecal contents of the secondary BA, including DCA and LCA.
It has been reported that the composition of FA in dietary fats affects gut microbiota 11, 12, 48 . The relative abundance of Bilophila increases when subjects are fed a diet rich in SFA, such as lard 48 . In our study, the LA group had significantly higher relative abundance of Bilophila than the MO group Fig. 4E . There was no significant change in the relative abundance of Bifidobacterium and Lactobacillus, which are probiotic beneficial bacteria, depending on the dietary FA compositions under these experimental conditions. Li et al. have reported that a diet rich in fish oil EPA rich oil with a DHA/EPA ratio of 0.71 increased the relative abundance of Proteobacteria in rats 12 . In our study, the MO diet tended to increase the relative abundance of Proteobacteria compared with the TO diet p 0.12 Fig. 4E . Zheng et al. have reported that the content of cecal BA was significantly positively correlated with the abundance of Firmicutes and Proteobacteria in mice 49 . Since there was no significant correlation between fecal BA excretion and Proteobacteria in our study r 0.154, p 0.482 , fecal BA may not be associated with the increase in the relative abundance of Proteobacteria in the MO group. In addition, one study has reported that intestinal inflammation was positively correlated with the relative abundance of Proteobacteria 50 . Further studies are necessary to confirm the inflammation factors, such as inflammatory cytokines, in the intestines. On the other hand, this study showed that fecal BA excretion tended to be positively correlated with the abundance of Firmicutes r 0.359, p 0.091 , while Bacteroidetes had negative correlations with fecal BA excretion r 0.411, p 0.049 . In addition, Yokota et al. have reported that dietary CA increased the relative abundance of cecal Firmicutes, while the relative abundance of cecal Bacteroidetes decreased 51 . Therefore, the difference in the FA composition of dietary fats could affect fecal BA excretion and alter the composition of cecal microbiota. The relative abundance of cecal microbiota in the MO and TO groups, which are most similar in the FA composition among the experimental groups, has been separated into different clusters Fig.  4B . The TO group had significantly lower relative abundance of Clostridium, whereas the relative abundance of Akkermansia tended to be lower compared with the MO group Fig. 4E . The effect of fish oil on cecal microbiota may differ greatly depending on the ratio of EPA to DHA and the composition of FA other than n-3 PUFA. The relationship between cecal microbiota and fat-type intake is not simple. This relationship needs to be clarified in order to reflect this information in the human diet.
Conclusion
We have evaluated the impact of different dietary fats on the level of mRNA expression of genes related to cholesterol and BA metabolism, cecal microbiota composition, and bacterial metabolites composition, including BA, neutral sterols, and SCFA. The LA diet drastically decreased the liver Abcg5 and Abcg8 expression levels compared with other diets. The MO diet increased the fecal BA excretion compared with the SO and LA diets. Fecal BA excretion tended to be positively correlated with the relative abundance of Firmicutes, while being negatively correlated with the relative abundance of Bacteroidetes. Our results provide a new insight in the way the different types of dietary fats affect sterol metabolism and alter the composition of cecal microbiota in rats.
